In addition to the first and second order stresses of the field, ultrasound produces biological effects through heating and cavitation. In most applications of ultrasound in physical therapy, deep heating is the postulated rationale for its use. At low amplitudes the response of bubbles is dominated by the acoustic pressure. At a critical acoustic pressure, however, the inertia of the surrounding medium becomes controlling. At this threshold acoustic pressure a 10 or 20% increase in acoustic pressure leads to increases in the collapse pressures in the bubble by orders of magnitude.
INTRODUCTION
Three classes of mechanisms have been identified through which ultrasound as used in medicine produce biological effects. One is the heating that results from the absorption of ultrasonic energy by tissues. The second is cavitation taken here to mean the broad class of effects that involve the interaction of ultrasound with small gas bodies. Third, biological materials are subjected to purely mechanical forces when exposed to ultrasonic fields. In addition to the alternating stresses and body forces that constitute the sound field itself, the propagating medium experiences steady radiation forces.
There are indications that some therapeutic applications such as ultrasonically mediated drug delivery and ultrasonically-enhanced enzymatic fibrinolysis work best at mid-kilohertz frequencies. Very little attention has been given to biological effects or, for that matter, the acoustic properties of tissues at these frequencies, These medical applications will undoubtedly lead to exciting new discoveries of biological effects in the next few years.
HEATING
The most thorough treatment to date of the heating of tissues by diagnostic ultrasound systems is by the National Council on Radiation Protection and Measurements Committee (NCRP) No. 66 (1) . The local rate of heat production per unit volume by an ultrasonic wave is given by the negative divergence of the acoustic intensity. To compute this quantity it is necessary to know the acoustic properties of the tissues at the site of interest as well as those of the intervening path. The essence of the NCRP committee's investigation can be summarized in a series of thermal indices. These are simple, semi-empirical relationships that predict steady-state temperature increments as a function of acoustic power. Bone has a much higher absorption coefficient than soft tissues and therefore requires special consideration. As currently formulated the thermal indices do not specifically account for effects of nonlinear propagation. However, if linearly derated source power is used in the NCRP thermal indices, errors in predicted temperature increments attributable to nonlinear propagation are minimal (2) .
The absorption coefficients of most tissues are proportional approximately to the lirst power of the frequency. Frequencies of the order of 1 MHz have been used for decades in physical therapy because of the utility of ultrasound for the production of localized heat in the tissues. In contrast, heating is minimized and tissue penetration is increased by using mid-kilohertz as opposed to megahertz frequencies. The presence of microbubbles in tissue or in the coupling medium can markedly increase the effective absorption coefficient and the potential for heating.
CAVITATION
By driving bubbles with sound near their resonance frequencies, large amplitudes of motion can be achieved. Steady oscillations of bubbles in a sound field create local stresses in neighboring cells that can result in movement of intercellular contents or in rupture of their membranes if the amplitudes of motion are sufficiently great. When the amplitude of oscillation is comparable to the equilibrium size of the bubble, the inertia of the surrounding medium dominates the collapse of the bubble giving rise to internal pressures orders of magnitude greater than the acoustic pressure driving the phenomenon. The transition to inertial dominance is abrupt leading to the concept of a threshold pressure for inertial cavitation.
Because of the relatively low duty cycles used in the studies of biological effects in the figure below it can be concluded that the mechanisms responsible are nonthermal. Of these, intestinal hemorrhage and hemolysis in tissues infused with microbubble contrast agents result from cavitation, probably inertial cavitation. A key test of this hypothesis lies in the observation that negative pressures are decisively more effective than positive pressures.
Thresholds for the adverse biological effects in the figure that are associated with inertial cavitation increase with approximately the first power of frequency.
FIGURE 1. Thresholds for Nonthermal Biological Effects of Pulsed Ultrasound in Mammals.

OTHER MECHANICAL MECHANISMS
Superficially, cavitation may appear to be the most obvious mechanism responsible for lung hemorrhage. Lung is relatively insensitive to ultrasound exposure before it becomes filled with air. However, as bioeffects information continues to accumulate, it is less obvious that cavitation is responsible for lung hemorrhage. Thresholds are somewhat lower for lung hemorrhage than for hemorrhage in tissues such as intestine (3) and hemolysis (4) in blood (with added microbubbles) where cavitation is more obviously the responsible mechanism. Adding nuclei to the blood has no apparent effect on the severity of lung hemorrhage. The frequency dependence (above 1 MHz) of bioeffects that are clearly related to acoustic cavitation is stronger than the frequency dependence of lung hemorrhage. Perhaps the strongest challenge to the cavitation hypothesis for lung is the test showing that negative pressures cause no greater effect than positive pressures (5) in contrast with expectations for classical cavitation. Instead, it appears that lung is damaged by mechanical stresses associated with ultrasound and that the high sensitivity of adult lung tissue in comparison with fetal lung has more to do with its fragility than with the fact that it is filled with gas.
Tissues near fetal bone are far more sensitive to acoustic stresses than other fetal organs. Since there is no basis to expect cavitation nuclei to be associated with fetal bone, a purely mechanical stress is more likely to be involved.
Radiation forces can be detected by auditory and tactile sensors (6) . Macroscopic acoustic streaming may alter transport across biological membranes. In fluids, this may result in streaming. Suspended particles, including bubbles, may be selectively displaced relative to the suspending medium. Particles, including bubbles, may be segregated in standing waves.
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